With the rise of computers, simulation models have emerged beside the more traditional statistical and mathematical models as a third pillar for ecological analysis. Broadly speaking, a simulation model is an algorithm, typically implemented as a computer program, which propagates the states of a system forward. Unlike in a mathematical model, however, this propagation does not employ the methods of calculus but rather a set of rules or formulae that directly prescribe the next state. Such an algorithmic model specification is particularly suited for describing systems that are difficult to capture or analyze with differential equations such as: (a) systems that are highly nonlinear or chaotic; (b) discrete systems, for example networks or groups of distinct individuals; (c) systems that are stochastic; and (d) systems that are too complex to be successfully treated with classical calculus. As these situations are frequently encountered in ecology, simulation models are now widely applied across the discipline. They have been instrumental in developing new insights into classical questions of species' coexistence, community assembly, population dynamics, biogeography, and many more. The methods for this relatively young field are still being actively developed, and practical work with simulation models requires ecologists to learn new skills such as coding, sensitivity analysis, calibration, validation, and forecasting uncertainties. Moreover, scientific inquiry with complex systems has led to subtle changes to the philosophical and epistemological views regarding simplicity, reductionism, and the relationship between prediction and understanding.
Introduction
With the rise of computers, simulation models have emerged beside the more traditional statistical and mathematical models as a third pillar for ecological analysis. Broadly speaking, a simulation model is an algorithm, typically implemented as a computer program, which propagates the states of a system forward. Unlike in a mathematical model, however, this propagation does not employ the methods of calculus but rather a set of rules or formulae that directly prescribe the next state. Such an algorithmic model specification is particularly suited for describing systems that are difficult to capture or analyze with differential equations such as: (a) systems that are highly nonlinear or chaotic; (b) discrete systems, for example networks or groups of distinct individuals; (c) systems that are stochastic; and (d) systems that are too complex to be successfully treated with classical calculus. As these situations are frequently encountered in ecology, simulation models are now widely applied across the discipline. They have been instrumental in developing new insights into classical questions of species' coexistence, community assembly, population dynamics, biogeography, and many more. The methods for this relatively young field are still being actively developed, and practical work with simulation models requires ecologists to learn new skills such as coding, sensitivity analysis, calibration, validation, and forecasting uncertainties. Moreover, scientific inquiry with complex systems has led to subtle changes to the philosophical and epistemological views regarding simplicity, reductionism, and the relationship between prediction and understanding.
General Overviews
Three short overview articles that jointly paint a good picture of the field are Jackson, et al. 2000 on ecological modeling, Pascual 2005 on computational approaches in ecology, and Black and McKane 2012 on stochastic simulations in ecology. Huston, et al. 1988 is another short piece that not only provides a good overview about questions and aims of simulation models in ecology but also an explanation of why these aims cannot be realized with simpler mathematical models (about mathematical models, see also the separate Oxford Bibliographies article Mathematical Ecology). Two useful textbooks on ecological modeling are Jørgensen and Bendoricchio 2001 and Grimm and Railsback 2005 . Jørgensen and Bendoricchio 2001 provides an introduction to ecological modeling, leaning toward system analysis and system models, a topic also reviewed in the separate Oxford Bibliographies article Systems Ecology. Grimm and Railsback 2005 focuses on individualbased models in ecology. Two further technical references are Zeigler, et al. 2000 , a comprehensive general introduction to simulation modeling, and Wilkinson 2011, an excellent technical reference on stochastic simulations. Finally, a note: simulations are also frequently employed in statistical methods, for example in statistical null models (e.g., Gotelli 2000). Such approaches, however, which only resample or simulate data without describing an explicit ecological process, are not covered in this article.
Ecography.
A wellrespected journal concentrating on spatial and temporal patterns in ecology from the community to the macroscale. It has a relatively strong focus on synthesis and theory, and it frequently publishes simulation models on those topics.
Ecology Letters.
As one of the most respected general ecology journals, Ecology Letters publishes concise articles that promise to spark general interest and advance the field of ecology. The journal regularly publishes studies based on simulation models, as long as they are of sufficiently broad interest to ecologists.
Ecological Modelling.
The main journal for the presentation of techniques and applications in ecological modeling. For studies on modeling techniques, or on the application of a model in a particular system, Ecological Modelling is a natural choice.
Environmental Modeling and Software.
Similar to Ecological Modelling but with a stronger focus on larger environmental models and environmental informatics.
Evolution.
Publishes studies on all aspects of evolution, including simulation models that concentrate on this field.
Methods in Ecology and Evolution.
A relatively young journal, this has swiftly become the prime outlet for publishing methodological advances in ecology. Although the journal concentrates mainly on statistical and empirical methods, it also publishes simulation frameworks or methods for the analysis of simulation models and sometimes applications of simulation models.
Oikos.
A respected journal that publishes research on all aspects of ecology, with a focus on work aimed at generalization and synthesis.
Systematic Biology.
This is the journal of the Society of Systematic Biologists and a leading journal on all aspects of systematics, including phylogeny, trait evolution, and biogeography. It frequently publishes simulation models on these topics.
Theoretical Ecology.
A relatively new journal that has placed itself at the intersection between the more traditional mathematical ecology journals and the modeling journals, such as Ecological Modelling and Environmental Modelling, and Software. Theoretical Ecology tends to have more of a strong theoretical character than The American Naturalist or Oikos.
Important Concepts and Principles in the Field of Simulation Models
Over the last few centuries, science has relied mainly on mathematics as a tool and reductionism as an epistemological method. It is therefore not surprising that the emergence of computer simulations to study complex systems sparked discussions about the philosophical underpinnings of this new field. The aim of this section is to summarize central technical concepts of the field and how they relate to epistemological thought in science.
Discrete Entities: Cellular Automaton, Networks, and Individualbased Models Being able to simulate according to algorithms provides a much more general way to study the consequences of interactions between discrete entities than previously existing methods from statistical mechanics. Examples of simulations that concentrate on discrete entities are cellular automata (CA, see, e.g., Wolfram 2002), network models (see, e.g., Albert and Barabási 2002), and individual based models (IBMs), also known as agentbased models (ABMs) in the social sciences (see, e.g., Grimm 1999). While Wolfram 2002 may have slightly exaggerated calling this revolution "a new kind of science," the ability to simulate discrete systems has proven immensely useful for ecology. Judson 1994 provides an excellent account of the new possibilities that discrete entity models introduced to ecology at that time. Today, CA, network, and IBM models have become fixed items in an ecologist's toolbox. They are also heavily used in the study of humanenvironmental interactions (e.g., Bousquet and Page 2004 ). Yet, modelers also miss the analytical elegance and generality of mathematical models, and some effort has been made to find approximate analytical solutions for discrete simulation models (see, e.g., Murrell, et al. 2004 ). Provides an extensive account of the developments and promises in the field of cellular automata.
Complexity and Emergence
The ability to describe and simulate new structures went hand in hand with a revolution in thinking about natural systems. This revolution was characterized by the realization that simple interaction rules between local entities can lead to complicated dynamics and the emergence of surprising macroscopic patterns-as well as by the idea that complex systems may reorganize themselves to react to internal or external drivers. Consequently, scientists turned away from trying to understand nature by reducing each problem to the smallest possible entities (methodological reductionism), and instead started to study larger systems as a whole, leading to the field of complex systems science. The problem of inferring the underlying local processes from observed largescale patterns is discussed in the classic and still highly relevant Levin 1992, which phrases this problem of as one of the main challenges for ecological research. The second idea, that systems can reorganize their structure in response to internal or external drivers, is summarized in the idea of "complex adaptive systems" (see Holland 1992). Levin 1998 reviews and refines the concept for ecology. Interesting in this context is also the earlier, highly influential article Bak, et al. 1987 , which introduced the concept of "selforganized criticality": this refers to the phenomenon that complex systems can regulate themselves to maintain a state close to a critical phase transition. A special issue in Science, with an editorial by Gallagher, et al. 1999 , provides an excellent view into the thinking and the state of the field at the turn of the millennium. Further references can be found in the separate Oxford Bibliographies article Complexity Theory. This paper introduced the idea of selforganized criticality (i.e., the idea that complex systems may regulate themselves to maintain a state close to a critical phase transition, resulting in the emergence of selfsimilar macroscopic patterns). Introduces and defines complex adaptive systems as complex systems with an evolving structure that can reorganize their properties and configuration in response to internal and external drivers. A classic article on the emergence of patterns from lowerlevel processes and the challenge for ecologists to invert this process and infer the underlying processes from the patterns that we observe.
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Levin, S. A. 1998. Ecosystems and the biosphere as complex adaptive systems. Ecosystems 1.5: 431-436.
In this influential paper, Levin discusses the idea of complex adaptive systems with a focus on ecological questions.
Stochasticity and Chaos
Another area that profited enormously from the availability of simulation models are stochastic and highly nonlinear or chaotic systems. Both types of systems can, in principle, be modeled with differential equations, but their solution is often excessively complicated. Simulation models are, therefore, the usual choice if stochasticity is involved, especially when models are highly nonlinear. Wilkinson 2009 provides an excellent introduction to stochastic simulation of biological systems. Particular interest in chaotic systems was sparked by the idea that selforganization may favor evolution toward the "edge of chaos" (see Langton 1990 ) and that chaotic dynamics should therefore be common in nature. However, while nonlinear and stochastic models are ubiquitous in current research, the interest in chaotic dynamics has somewhat subsided; this is arguably because of the difficulty to distinguish chaos from noise in ecological data and because of theoretical doubts about whether nature is likely to develop chaotic dynamics. A good discussion of this topic can be found in Hastings, et al. 1993 . Further references can be found in the separate Oxford Bibliographies article Biological Chaos and complex dynamics. Provides an excellent discussion of the concepts of and evidence for chaotic dynamics in ecology. A concise introduction to stochastic models in systems biology.
Philosophy, Epistemology, and the "Truth"
Finally, a topic that inevitably arises is what makes a good model and the question of whether a model can ever be "true." In an influential article, Rykiel 1996 expresses the view that models are not built to exactly reproduce all aspects of a natural system but rather to be "valid," meaning that they satisfy certain performance criteria; this view is shared by Oreskes, et al. 1994 . It seems, however, that simulation modelers have become bolder over the years. Today, simulation models are frequently used to test or compare ecological hypotheses, which implicitly assumes that they are structurally realistic (for a discussion of structural realism in science, see Ladyman 2007 ). An interesting paper in this context is Evans, et al. 2013 . A discussion paper about the right level of model complexity. The article argues that ecological systems are inherently complex and that models therefore require a certain minimum level of complexity to be general. A review about the concept of structural realism in the philosophy of science, which posits that the structure of the best scientific theories will resemble the true nature of the physical world. A classical paper arguing that models are built for a purpose, not as a representation of "the truth." Hence, a model is valid if it meets specified performance criteria.
Applications of Simulation Models in the Various Subdisciplines of Ecology
The aim of the following section is to provide a crosssection of model applications in the various subdisciplines of ecology. This collection is not comprehensive but rather has the purpose to show the breadth of applications for simulation models across all fields of ecology.
This classic paper is concerned with understanding the evolution of cooperation through spatial simulations. This paper reviews the extension of spatial evolutionary simulations to more complex interaction structures that can be described by graphs.
Methodology
To work with simulation models, ecologists need to implement them in a computer program and test whether this implementation behaves as expected. They may then want to analyze model reactions to parameter changes, calibrate model parameters, test whether the model fits to observed data, and make forecasts. This section summarizes key references of the methods applied for these purposes.
Programming Languages and Software
To implement a computer model, one needs a programming language. For complex models, where flexibility and computational time is key, one usually employs generalpurpose languages such as Fortran, C/C++, and Java. For prototyping models, smaller simulations, or for the analysis of simulation results, the scientific programming languages R, Matlab, and Python are common choices. A recent competitor for these languages is Julia, which combines a clean and easy syntax with excellent performance for stochastic simulations. Finally, there many programs and libraries that provide dedicated environments for particular classes of simulations. Two popular examples are NetLogo for individualbased/agentbased models, and Vensim for systemdynamics models.
